As the limitation of rainfall collection by ground measurement has been widely recognized, satellite-based rainfall estimate is a promising high-resolution alternative in both time and space. This study is aimed at exploring the capacity of the satellite-based rainfall product Tropical Rainfall Measurement Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA), including 3B42V7 research data and its real-time 3B42RT data, by comparing them against data from 29 ground observation stations over the lower part of the Red-Thai Binh River Basin from March 2000 to December 2016. Various statistical metrics were applied to evaluate the TMPA products. The results showed that both 3B42V7 and 3B42RT had weak relationships with daily observations, but 3B42V7 data had strong agreement on the monthly scale compared to 3B42RT. Seasonal analysis showed that 3B42V7 and 3B42RT underestimated rainfall during the dry season and overestimated rainfall during the wet season, with high bias observed for 3B42RT. In addition, detection metrics demonstrated that TMPA products could detect rainfall events in the wet season much better than in the dry season. When rainfall intensity was analyzed, both 3B42V7 and 3B42RT overestimated the no rainfall event during the dry season but underestimated these events during the wet season. Finally, based on the moderate correlation between climatology-topography characteristics and correction factors of linear-scaling (LS) approach, a set of multiple linear models was developed to reduce the error between TMPA products and the observations. The results showed that climatologytopography-based linear-scaling approach (CTLS) significantly reduced the percentage bias (PBIAS) score and moderately improved the Nash-Sutcliffe efficiency (NSE) score. The finding of this paper gives an overview of the capacity of TMPA products in the lower part of the Red-Thai Binh River Basin regarding water resource applications and provides a simple bias correction that can be used to improve the correctness of TMPA products.
Introduction
Precipitation is the most crucial input variable enforced in water prediction models. Reliable precipitation is required for model calibration, forecast, and simulation [1] [2] [3] . Gauge observation is are of paramount importance to gain insights into their performance at various regions so that their algorithms can be improved and the next generation GPMs can be developed.
While there is a clear advantage of having a high temporal and spatial resolution using TMPA products, extra work is required because bias correction needs to be performed prior to application of any TMPA products in environmental, water resources, and ecological studies [27] . Climatology and topography are likely factors to induce errors in remote sensing retrievals [37] . Consequently, their effects on the quality of TMPA products are inevitable. Based on the moderate inverse linear relationship between the monthly 3B43 bias and elevation, Hashemi et al. [38] developed a linear model between 3B43 bias and elevation, especially for stations that have elevations above 1500 m above mean sea level in the U.S. The corrected monthly 3B43 product showed a significant improvement in the high elevation area. Thus, the empirical bias correction model using climatology and topography seems to be a potential investigation direction, although relatively little research has been conducted so far.
In Vietnam, ground observations provide poor spatial and temporal measurement of rainfall due to the lack of a dense network for rain gauge measurement. The average rain gauge network in Vietnam is around 400 km 2 per rain gauge, which is below the World Meteorological Organization standard (area per rainfall station of 100-250 km 2 for mountainous areas; area per rainfall station of 600-900 km 2 for lowland areas) [39] . Moreover, the rain gauge distribution in Vietnam is uneven, with insufficient gauged stations at high elevation areas. According to the Vietnam Meteorological and Hydrological Administration, most rain gauge stations (75%) are concentrated at low elevation areas (<200 m), which only cover half of Vietnam's land [40] . With these perspectives, satellite-based precipitation is an indispensable alternative source of precipitation data for Vietnam. Preliminary studies on satellite-based precipitation products in the country have been conducted recently. However, these studies either focused on monthly rainfall [26, 41] or used directly satellite-derived rainfall without bias correction analysis [42] . Therefore, further research on satellite-based precipitation products is still of fundamental importance for the country.
This study selected the Red-Thai Binh River Basin-one of the largest river systems in Vietnam-as a case study. Although it plays an essential role in Vietnam's economic and social development, many parts of this basin do not have rainfall monitoring from ground, causing difficulties for basin rainfall estimation and water resources management. The first objective of this study was to compare the TMPA products 3B42V7 and 3B42RT with ground observation data over Red-Thai Binh River Basin in various aspects, such as calculating error statistics on a daily scale, monthly scale, dry and wet seasons, detecting rainfall events ability, and evaluating rainfall intensity. The second objective was to develop a linear-scaling bias correction model using climate-topography indices for both 3B42V7 and 3B42RT datasets. The results of the assessment and bias correction of TMPA precipitation products could help in supporting its potential application in hydrological modeling and drought monitoring in the studied region.
Materials

Study Area
The Red-Thai Binh River Basin is a transboundary river that flows through three countries-Vietnam, China, and Laos-with a total area of 169,000 km 2 ( Figure 1 ). The area of this in Vietnam is 88,680 km 2 , which makes up 51.3% of the total area. In this study, due to the lack of observation data, description of water resource characteristics and evaluation results of TMPA 3B42V7 and TMPA 3B42RT data only focused on the Vietnamese part of the basin. There are two primary river systems in the Red-Thai Binh River. The Red River system originates in China and flows into Vietnam through three main tributaries-Da, Lo, and the Thao River-while the Thai Binh River system is entirely located in Vietnam. The Red-Thai Binh River belongs to a tropical climate with two distinct seasons: the wet season and the dry season. The total annual rainfall is approximately 1700 mm, with high rainfall amounts (>2000 mm) observed in the mountainous areas between the Vietnam and China border. The annual total flow of the Red-Thai Binh River is 131.4 billion m 3 -the Chinese territory part generates 48.3 billion m 3 , while the rest 83.1 billion m 3 is generated in the Vietnamese side [43] . As the second largest river system in Vietnam, the Red-Thai Binh River is home to 29.1 million Vietnamese (2015 figure), making up for 22.6% of Vietnam's GDP (2010 figure) (General Statistics of Vietnam) [44] .
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TMPA Products
The TRMM is a low Earth orbits (LEO) satellite with sensors used to analyze and understand the characteristics of precipitation. The satellite is equipped with various instruments, such as Precipitation Radar (PR), TRMM Microwave Imager (TMI), Visible and Infrared Scanner (VIRS), and Lightning Imaging Sensor (LIS) [12] . The spatial coverage of TRMM is mainly in tropical and subtropical zones (50°S to 50°N) from an altitude of 400 km. The TMPA products used in this study were TMPA 3B42V7 and its real-time version TMPA 3B42RT at 0.25° spatial resolution. Detailed description of 3B42V7 can be found in Reference [12] and that of 3B42RT can be found in Reference [46] . The 3B42V7 dataset ranges from January 1998 to present, while the 3B42RT product ranges from March 2000 to present. However, for comparison purpose, a consistent data length was required and data was therefore collected from March 2000 to December 2016 for both TMPA 3B42V7 and TMPA 3B42RT. Both products were downloaded through NASA Goddard Space Flight 
The TRMM is a low Earth orbits (LEO) satellite with sensors used to analyze and understand the characteristics of precipitation. The satellite is equipped with various instruments, such as Precipitation Radar (PR), TRMM Microwave Imager (TMI), Visible and Infrared Scanner (VIRS), and Lightning Imaging Sensor (LIS) [12] . The spatial coverage of TRMM is mainly in tropical and subtropical zones (50 • S to 50 • N) from an altitude of 400 km. The TMPA products used in this study were TMPA 3B42V7 and its real-time version TMPA 3B42RT at 0.25 • spatial resolution. Detailed description of 3B42V7 can be found in Reference [12] and that of 3B42RT can be found in Reference [46] . The 3B42V7 dataset ranges from January 1998 to present, while the 3B42RT product ranges from March 2000 to present. However, for comparison purpose, a consistent data length was required and data was therefore collected from March 2000 to December 2016 for both TMPA 3B42V7 and TMPA 3B42RT. Both products were downloaded through NASA Goddard Space Flight Center (https://pmm.nasa.gov/data-access/ downloads/trmm/). In order to match the satellite rainfall products with the daily precipitation gauge data, the 3-hourly 3B42 products were accumulated to daily values at 0.00 UTC (equivalent to 7.00 a.m. UTC + 7).
Method
The comparison of TMPA 3B42V7 and TMPA 3B42RT precipitation against the ground observation data involved the extraction of data time series of TMPA products at the corresponding locations of the 29 meteorological stations. As one TMPA pixel contained one rainfall station, a total of 29 TMPA pixels were extracted to form the time series corresponding to the ground observation data.
Error Metric Assessment
To compare rainfall values between TMPA products and ground observation data, widely accepted error metrics-correlation coefficient (CC), Nash-Sutcliffe efficiency (NSE), root mean square error (RMSE), and percent bias (PBIAS)-were used [47, 48] . The formulas for the statistical metrics are presented as follows:
where N is the total of samples, OBS i and TMPA i represent the rainfall values for the ground observation data and the TMPA data, respectively, and OBS and TMPA represent the mean of the corresponding variables. CC ranges from −1 to 1, with strong positive correlation when the CC value is closer to 1 and strong negative correlation when the CC value is closer to −1. NSE varies between −∞ to 1, indicating how well the plot of satellite product values and ground values fit the 1:1 line. A NSE value closer to 1 indicates a more perfect match between satellite product and ground data. RMSE is unit-based and would shed further light on the accuracy of the TMPA products. PBIAS measures the average tendency of the satellite values to be larger or smaller than the corresponding ground observations.
Detection Metric Assessment
The probability of detection (POD), false alarm ratio (FAR), the probability of false detection (POFD), and critical success index (CSI) were used to compare the occurrence and nonoccurrence of rainfall events between TMPA products and ground data [27, 33, 49] . The POD was the ratio of the total number of rainfall events correctly detected by the TMPA products to the total number of actual rainfall events. The FAR evaluated the ratio of the number of rainfall falsely detected by the TMPA products to the total rainfall events estimated by the TMPA products. The POFD was a fraction of false events detected by the TMPA products versus the correct observations of no rainfall events by the TMPA products. The CSI, which is a function of POD and FAR, was the most accurate detection metric. The rainfall day threshold was set as 0.6 mm/day, which was defined as a threshold between no rainfall event and low rainfall event within 24 h based on long-term rainfall analysis over Vietnam [50] . These detection metrics can be computed as follows: The Hit, Miss, False Alarm, and Correct Rejection are presented in a contingency table in Table 2 .
The perfect scores of the POD and CSI are 1, while the perfect scores of the POFD and FAR are 0. 
Rainfall Intensity Evaluation
To evaluate the rainfall intensity, we used probability density function (PDF) to classify the daily rainfall amounts into six categories based on Vietnam's regulation on rainfall classification [50]: (1) 0 to 0.6 mm; (2) 0.6 to 6 mm; (3) 6 to 16 mm; (4) 16 to 50 mm; (5) 50 to 100 mm; (6) >100 mm. The PDF analysis has been previously applied for comparing satellite rainfall products and ground data in several studies [33, 36] .
Climate-Topography-Based Linear-Scaling (CTLS) Bias Correction Approach
The linear-scaling (LS) approach [52, 53] was based on monthly correction factor, which was the ratio between long-term monthly mean data for ground observation and TMPA.
where CF m is the monthly mean change factor at month m, OBS m and TMPA m represent the mean of ground observation and TMPA data at month m, respectively. TMPA corrected i,m
and TMPA i,m are the corrected TMPA data and original TMPA data at day i of month m, respectively. In this study, we developed a set of multiple linear models that predicted correction factors CF m from climatology-topography characteristics. We acquired station information as longitude (LONG), latitude (LAT), elevation (ELEV), annual rainfall (AR), standard deviation of rainfall (SDR), and the number of rainfall day (NRD). The CF m can be computed as follows:
where α 0m , α 1m , α 2m , α 3m , α 4m , α 5m , α 6m are regression coefficients corresponding to correction factor at month m. In other words, we developed a set of 12 multiple linear models to estimate correction factors from climatology-topography data. In order to select the most suitable candidates for each multiple linear model, we analyzed the relationship between the correction factor and climatology-topography for a single month and selected the significant correlation candidates. We used 23 meteorological stations (80%) to develop the abovementioned multiple linear models and six meteorological stations (20%) to verify the models.
Results and Discussion
Comparison between TMPA Products and Ground Observation Data
4.1.1. Daily and Monthly Scale Assessment Table 3 presents the TMPA 3B42V7 and TMPA 3B42RT data in daily scale and monthly scale performance over the Red-Thai Binh River compared to the ground observation stations for 17 years (March 2000-December 2016). The results showed that daily rainfalls from both 3B42V7 and 3B42RT had very weak correlations with the ground observation data; the average of the CC and the average of NSE were 0.387 and −0.152 for 3B42V7 data and 0.304 and −0.521 for 3B42RT data, respectively. The negative NSE values demonstrated that TMPA values were less accurate than the mean of observed data and were therefore very poor estimations. Note: n is total number of stations. RMSE unit on a daily scale is mm/day. RMSE unit on a monthly scale is mm/month.
The statistics metric for monthly scale showed a significant improvement for both 3B42V7 and 3B42RT compared to ground data (Table 3) . However, the PBIAS did not change from a daily to monthly scale. Monthly 3B42V7 and monthly 3B42RT had similar CC, with an average value of 0.896 and 0.842, respectively. However, monthly 3B42V7 data greatly outperformed monthly 3B42RT data regarding NSE, RMSE, and PBIAS. Average NSE of monthly 3B42V7 was 0.765 and no single station had a value smaller than 0.5, while average NSE of monthly 3B42RT was only 0.480. The monthly CC and NSE scores of 3B42V7 compared to ground data in this case study were very similar to the results of monthly 3B43 data compared to observations in the same basin [26] . Average RMSE of monthly 3B42V7 was 66.5 mm/month, equivalent to 30% less than the figure of monthly 3B42RT. Average PBIAS of monthly 3B42V7 was approximately 5 times less than that of monthly 3B42RT, with values of 3.2% and 14.8% respectively. The positive of PBIAS also indicated that both TMPA products overestimated compared to ground observation data. This finding was consistent with the study at the Black Volta Basin of West African countries [17] or Pahang River Basin of Malaysia [27] , but it was contrary to the study in Iran [54] . It should be mentioned that although belonging to the same South East Asia region, the 3B42V7 data over the Red-Thai Binh River Basin performed better than that for Malaysia's basin as the PBIAS of 3B42V7 for Malaysia's basin was up to 26.95% on average [27] .
We calculated various error metrics-CC, NSE, RMSE, and PBIAS. However, for TMPA's spatial performance purpose, we only showed the spatial PBIAS score distribution. There were two reasons for this: (1) PBIAS is recommended in water resources planning projects because the overall difference between observed and estimated values is a criteria of paramount importance [55] ; (2) PBIAS is precisely aimed at defining a poor model performance and has immense variation between seasons [56] .
Looking at the PBIAS distribution, the PBIAS of 3B42V7 data mostly ranged within ±10%, while the PBIAS of 3B42RT data mostly fell in the range of 10-40% (Figure 3) . The poor performance of 3B42RT data was observed at the center of the Red-Thai Binh River Basin. Moderate performances for both TMPA products were found at the northwestern mountainous area between Vietnam and Chinese border as well as the northeast coastal area.
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Looking at the PBIAS distribution, the PBIAS of 3B42V7 data mostly ranged within ±10%, while the PBIAS of 3B42RT data mostly fell in the range of 10-40% (Figure 3) . The poor performance of 3B42RT data was observed at the center of the Red-Thai Binh River Basin. Moderate performances for both TMPA products were found at the northwestern mountainous area between Vietnam and Chinese border as well as the northeast coastal area. Table 4 presents the performances of both daily and monthly 3B42V7 and 3B42RT during the dry season (November-April) and wet season (May-October) over the Red-Thai Binh River Basin. Generally, 3B42V7 data was better than 3B42RT data in all statistical metrics compared to ground stations, especailly NSE, RMSE, and PBIAS. For example, monthly 3B42V7 had moderate NSE metric compared to ground observation, with averages of 0.586 and 0.566 in the dry season and wet season, respectively. In contrast, the figures of monthly 3B42RT were quite low, with 0.199 and 0.009, respectively. Interestingly, although RMSE of daily 3B42V7 during both dry and wet seasons were quite similar to those of daily 3B42RT, aggregation daily 3B42V7 to monthly was significantly less than monthly 3B42RT during both dry and wet seasons, with a reduction of approximately 30% for each. Regarding PBIAS, 3B42V7 and 3B42RT had almost the same bias during the dry season; however, in the wet season, 3B42V7 had significantly low PBIAS, with a value of 6.1% compared to 20.7% PBIAS of 3B42RT. In regard to the dry and wet seasons, although CC and NSE were slightly higher during the dry season than during the wet season, it was not clearly evident. On the other hand, RMSE during the dry season was observed to be much smaller than during the wet season. This can be explained as dry season receives a small amount of rainfall (10-15% of total annual rainfall), and its rainfall variation is not high as the fluctuation during the wet season.
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Both TMPA products showed overall negative PBIAS values during the dry season and overall positive PBIAS values during the wet season, indicating overall underestimations during the dry season and overall overestimations during the wet season. 3B42V7 was observed to underestimate ground observation at 20 out of 29 stations, and this figure was 24 out of 29 stations for 3B42RT (Figure 4 ). When we used scatter plot to compare monthly dry season of TMPA products and that of ground observation (data not shown), we found that TMPA products reported zero values in many months. The wrong no-rainfall reported by TMPA data was also found at Chindwin River Basin of Myanmar [57] . The underestimation of TMPA rainfall during the dry season was consistent with previous studies in Southwestern of China [58] . On the other hand, during the wet season, 22 out of 29 stations experienced overestimations for 3B42V7 data and 24 out of 29 stations experienced overestimation for 3B42RT data. The northwest mountain region and the northeast coastal area were the only places where both TMPA products underestimated ground observation data during two seasons. The overestimation of rainfall during the wet season agreed with a case study in Malaysia [27] but was contrary to a study involving the southwestern region of China [58] . previous studies in Southwestern of China [58] . On the other hand, during the wet season, 22 out of 29 stations experienced overestimations for 3B42V7 data and 24 out of 29 stations experienced overestimation for 3B42RT data. The northwest mountain region and the northeast coastal area were the only places where both TMPA products underestimated ground observation data during two seasons. The overestimation of rainfall during the wet season agreed with a case study in Malaysia [27] but was contrary to a study involving the southwestern region of China [58] . Note: n is the total number of stations. RMSE unit on a daily scale is mm/day. RMSE unit on a monthly scale is mm/month. Although they had a generally positive PBIAS score, TMPA products seemed to underestimate large rainfall amounts. One possible explanation for this could be their spatial resolution. With a Although they had a generally positive PBIAS score, TMPA products seemed to underestimate large rainfall amounts. One possible explanation for this could be their spatial resolution. With a rather low 0.25 • spatial resolution (approximately 25 km), rainfall observed in a grid was averaged over about 625 km 2 . However, rainfall can vary dramatically even with a few kilometers, and the resolution of TMPA products are often unable to pick up these differences. If we consider the complexity of terrain, this variation can be harder to estimate. Additionally, many convective storms can have a rapid evolution that a satellite will often not be able to observe accurately [59] .
Rainfall Detection Assessment
The capacity of 3B42V7 and 3B42RT data regarding rainfall detection over the Red-Thai Binh River Basin from March 2000 to December 2016 is presented in Figure 5 . Generally, the detection capacity of daily TMPA products during the wet season was much better than during the dry season, and 3B42V7 data had slightly better score than 3B42RT data. This may be associated with the temporal resolution of TMPA data as short-duration rainfall events are a typical characteristic of the dry season. Indeed, with 3-hourly products, it is easy for TMPA to miss events lasting less than this figure. On the other hand, TRMM is meant to capture and estimate convective precipitation rather than other types because of its on-board sensors. In Vietnam, precipitation is generally associated with heavier storms and cloud coverage during the wet season [60] , meaning the precipitation is more likely to be detected. In contrast, in the dry season, there will be much lighter rainfall with less cloud coverage and convection, meaning that it will be more difficult to detect [59] .
The POD for the whole daily TMPA data was stable over the years, with the average values of about 0.61 and 0.58 for 3B42V7 and 3B42RT, respectively. The POD scores for the daily time series in the wet season period were higher, with average values of 0.71 and 0.69 for 3B42V7 and 3B42RT, respectively. The POD scores of 3B42V7 and 3B42RT for the daily time series in the dry season period were typically low, with average values of 0.32 and 0.30, respectively. In the year 2012, the POD scores during the dry season were the lowest at about 0.2. The FAR of the daily time series and the daily values in wet season were moderate, with average values of 0.37 and 0.36 corresponding to 3B42V7 and 0.40 and 0.38 corresponding to 3B42RT. However, the FAR of the time series in the dry season was high, with an average of 43% of 3B42V7 rainfall prediction being wrong (FAR = 0.43). The wrong prediction of 3B42RT was even more than that of 3B42V7, with average FAR being 0.50. Interestingly, FAR scores of 3B42V7 and 3B42RT had great fluctuation over the years, reaching 0.6 and 0.62 in the year 2000, respectively, but the wrong prediction was reduced to only 0.30 for 3B42V7 and 0.42 for 3B42RT in the year 2014. The POFD scores were moderate for both TMPA products, with average values of 0.15 and 0.16 for 3B42V7 and 3B42RT, respectively. The POFD scores during the dry season were relatively low, with all years reporting values less than 0.1 for both TMPA products. During the wet season, POFD scores were higher than those of the dry season, with a range of 0.2-0.3. The CSI scores showed that there was no single year during the study time where the CSI scores of both 3B42V7 and 3B42RT were over 0.5. During the wet season, the average CSI values were around 0.52 and 0.50 for 3B42V7 and 3B42RT, respectively. Regarding the dry season, the CSI were only about 0.24 and 0.21 for each TMPA product, and the lowest CSI scores in the dry season were observed in 2006 and 2012.
As CSI combines different aspects of POD and FAR to give an overall assessment of TMPA performance, we used this metric to investigate the detection metric of TMPA products on the spatial scale ( Figure 6 ). The lowland central part of the basin experienced the worst CSI score, while the northwestern mountainous part of the basin had moderate CSI score (>0.5). The better detection capacity at high elevation region than the lower land area was consistent with the study in Malaysia's basin [27] . 
Rainfall Intensity Analysis
The rainfall frequency distributions of ground observations, 3B42V7, and 3B42RT over the Red-Thai Binh River Basin are presented in Figure 7 . Generally, rainfall intensity of both TMPA products followed the intensity of ground observations for the whole time series. Based on ground observation data, no rainfall (≤0.6 mm/day) accounted for 68.8% of total rainfall events, and 3B42V7 and 3B42RT data had similar figures. During the dry season, low rainfall intensity (0.6-6 mm/day) detected by TMPA datasets were relatively low (4.8% and 5.3% corresponding to 3B42V7 and 3B42RT) compared to the figure from ground measurement (13.1%). However, the no rainfall (≤0.6 mm/day) detected in the dry season was a different situation. The 3B42V7 estimated 86.4% of daily rainfall events during this season as no rainfall. Similarly, 88% of rainfall events during the dry season were considered as no rainfall events by 3B42RT. In contrast, the observations data only reported a figure of 79%. During the wet season, the no rainfall events by 3B42V7 and 3B42RT were relatively low (approximately 52% for both products), while the figure for observation data was nearly 60%. Regarding high rainfall events (50-100 mm/day) and heavy rainfall events (>100 mm/day), TMPA products had a high accuracy of detecting these, with the PDFs of both TMPA products almost the same as those of observation. The slight underestimation of low rainfall event (0.6-6 mm/day) was contrary to the overestimation conclusion of this rainfall intensity in a case study in Singapore [36] .
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Development of Bias Correction Model Using Climatology-Topography Characteristics-Based Linear-Scaling (LS) Approach
Correlation Analysis between Climatology-Topography Characteristics and Correction Factors of LS Approach
In the LS approach, the correction factor is an important key to adjust satellite data closely to observation. Correction factors between TMPA products and observations were calculated for each month. In total, we had 12 group correction factors for 3B42V7 and 3B42RT data. Tables 5 and 6 present the relationship between correction factors in each month with climatology-topography characteristics. Based on the significant levels of the correlation coefficient, we found that topographical characteristics (LONG, LAT, and ELEV) were often associated with correction factors during dry months (except for April), while climate characteristics (AR, SDR, and NRD) were often linked with correction factors during wet months. A larger correction factor indicates larger error between satellite data and observations. ELEV (elevation) had a significant inverse relationship with the correction factor, meaning satellite data at higher elevation areas probably had a smaller error with observations compared to lower areas. This result agreed with an observation in Iran that compared 3B43V7 with rain gauge over this country [25] . Similarly, LAT (latitude) also had significant negative relationship with the correction factor. This meant that the higher the latitude area, the smaller was the satellite error. The frequency occurrence of clouds can affect the accuracy of satellite rainfall estimation [61] , and NRD (a number of the rainy days) is a variable that reflects this frequency. As the number of rainy days had significant correlations with the correction factors with negative values, it seemed that the higher the number of rainy day stations, the more error of satellite-based rainfall there were. In addition, from Tables 5 and 6 , AR (annual rainfall rate) and SDR (standard deviation of rainfall) had significant positive correlations with the correction factors. This means the higher the rainfall rate area, the higher was the correction factor, implying a more substantial error. This feature was the same as previous literature [62] . As a result, the correction factor for each month could be estimated from significant climatology-topography candidates. 
Development of Bias Correction Model Using Climatology-Topography Characteristics-Based Linear-Scaling (LS) Approach
Correlation Analysis between Climatology-Topography Characteristics and Correction Factors of LS Approach
Multiple Linear Model Development to Estimate Correction Factors
As climatology-topography characteristics have various units, before building the multiple linear regression models for correction factors, we made it dimensionless for all input climatologytopography data by scaling them to a range [0.1, 0.9]. The multiple linear models for the correction factors of 3B42V7 and 3B42RT are presented in Tables 7 and 8 . All p-values were smaller than 0.5, indicating that sets of linear models using climatology-topography characteristics could well predict correction factors. Table 7 . Multiple linear models to predict correction factors of TMPA 3B42V7 data. Note: p-value shows significant level between predicted correction factors using multiple linear models and calculated correction factors. Note: p-value shows significant level between predicted correction factors using multiple linear models and calculated correction factors. Table 9 compares the TMPA products before and after using the LS and CTLS approaches against the observations on a daily scale. Both calibration and validation data showed that LS and CTLS performed very well in reduction PBIAS scores but had moderate performances regarding NSE scores, slight improvements in RMSE scores, and almost no change in CC scores. Moreover, the linear-scaling model seemed to reduce errors better for 3B42RT data compared to that for 3B42V7 data. The reason for this may be that 3B42V7 data had already passed through the correction stage before the online public, meaning other bias correction approaches did not improve this product's quality significantly. The good performances during calibration and validation stations of the CTLS approach indicated that empirical correction factors calculated by climatology and topography characteristics could be applied for the satellite-based data bias correction process throughout the Red-Thai Binh River Basin. Regarding bias correction models on a monthly scale, similar results were observed as the daily scale, with a significant reduction in PBIAS scores after bias correction (Table 10) . Moreover, the NSE scores of corrected monthly 3B42RT improved profoundly compared to those before bias correction. Before applying bias correction, the average monthly NSE for calibration and validation stations for 3B42RT data were 0.488 and 0.447, respectively. After using the LS approach, these figures improved to 0.734 and 0.713, respectively. Also, the empirical CTLS approach had considerable monthly NSE improvement, with values of 0.677 and 0.642 corresponding to calibration and validation stations. Table 11 presents the performance of TMPA products regarding the PBIAS score before and after bias correction using LS and CTLS during the dry and wet seasons. The wet season seemed to benefit from bias correction more than the dry season. Using the LS approach, PBIAS scores for both 3B42V7 and 3B42RT were equal to 0, while the figures for the dry season were up to 10%. With the CTLS approach, PBIAS scores during the wet season also observed a significant decrease, ranging from 0.07% to 4.55%. During the dry season, highly positive PBIAS scores (up to 24%) were observed, indicating a high overestimation of dry season after bias correction. Table 12 shows the CSI scores for TMPA products against observations before and after bias correction using LS and CTLS during daily, daily (dry season), and daily (wet season). Generally, there was no significant change in CSI scores after bias correction compared to before bias correction for both products and for both bias correction approaches. By analyzing the intensity metric before and after doing bias correction (data not shown), we also obtained the same results as that of detection metric, i.e., after doing bias correction, there was no significant change in the intense rainfall for TMPA products. 
Calibration and Validation of the CTLS Bias Correction Approach
Conclusions
TMPA products are recommended for wide use over the tropical and subtropical regions due to their high temporal-spatial resolution. Therefore, this study carried out a comparison and bias correction between TMPA 3B42V7 and TMPA 3B42RT data and 29 ground observations over the lower part of the Red-Thai Binh River Basin from March 2000 to December 2016.
Based on various error metrics-CC, NSE, RMSE, and PBIAS-we compared 3B42V7 and 3B42RT against observations at different scales, including daily and monthly scales and dry and wet seasons. Our analysis showed that both products had relatively weak relationships with observations on a daily scale but this significantly improved on a monthly scale. Except for the CC score, 3B42V7 data was considerably better than 3B42RT data in the rest of the error metrics on a monthly scale. In addition, 3B42V7 data showed better performance than 3B42RT data during both dry and wet seasons, especially regarding NSE and PBIAS measurements. Both products showed overall underestimations during the dry season and overestimations during the wet season. Spatial analysis of the PBIAS score indicated significant bias of TMPA products at the lowland area of the Red-Thai Binh River Basin, while the northwestern mountainous area and the northeast coastal area had low PBIAS for both products.
The comparison between 3B42V7 and 3B42RT was also viewed from a different angle using detection metrics-POD, FAR, POFD, and CSI-against observations on daily time series, daily time series in the dry season, and daily time series in the wet season. In this case, the 3B42V7 showed a slightly better performance compared to 3B42RT for the metrics mentioned. Both products had better detection metrics in the wet season compared to the dry season. Spatial CSI score distribution showed that the lowland area of the central basin had the lowest score compared to other parts.
From the perspective of the assessment on rainfall intensity on daily time series for the dry and wet seasons, it was found out that 3B42RT performed the same as 3B42V7 data. Both products overestimated no rainfall (≤0.6 mm/day) during the dry season and underestimated rainfall intensity during the wet season. The overestimation and underestimation compromised the daily time series for the dry and wet seasons, meaning the frequency distributions of no rainfall events were almost the same for TMPA products and ground observations. On the other hand, TMPA products underestimated low rainfall intensity (0.6-6 mm/day) during the dry season and overestimated rainfall intensity during the wet season. The underestimation of low rainfall was more significant than the overestimation, resulting in a slightly lower rainfall estimation by TMPA products at the daily time series compared to observations.
In addition, we used the LS approach to do bias correction for 3B42V7 and 3B42RT products. In this approach, the correction factor is an important key to adjust satellite rainfall data closely to observations. We found that the correction factors of the LS approach were associated with climatology-topography characteristics. Therefore, a set of multiple linear regression models was developed to predict correction factors from climatology-topography characteristics for 3B42V7 and 3B42RT. After bias correction using LS and CTLS approaches, corrected TMPA products showed significant improvement compared to the results before bias correction, especially for the 3B42RT dataset with PBIAS and NSE scores. However, we found that both bias correction approaches did not improve the TMPA products significantly on other measurement scores.
In conclusion, 3B42V7 and 3B42RT data should be a good alternative source for a wide range of hydrological purposes on a monthly scale. The 3B42V7 data is also a good source for typical analysis of dry and wet seasons, although these datasets should be used with caution for daily scale purposes. The post-TMPA products after using climatology-topography characteristics are promising sources, especially for total water resource estimation.
The biggest advantage of the LS approach was to reduce PBIAS score; however, other error scores remained almost the same. Future studies may merge satellite-based and ground-based rainfall product to further improve rainfall product quality [63] . The finding of this paper gives an overview of the capacity of TMPA products in the lower part of the Red-Thai Binh River Basin regarding water resource application and provides a simple bias correction that can be used to improve the correctness of TMPA products. Additionally, the study is beneficial for regions, such as Vietnam, that are seeking alternative rainfall sources. The reason for this is that approximately 60% of Vietnam's water resources come from abroad, and hydro-climatology acquisition from upstream countries faces many challenges due to limited administration interaction [64] . 
